Pressure-induced polarization reversal in multiferroic YMn^Os 
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The low-temperature ferroelectric polarization of multiferroic YMn^Oz, is completely reversed at a 
critical pressure of 10 kbar and the phase transition from the incommensurate to the commensurate 
magnetic phase is induced by pressures above 14 kbar. The high-pressure data correlate with thermal 
expansion measurements indicating a significant lattice strain at the low-temperature transition into 
the incommensurate phase. The results support the exchange striction model for the ferroelectricity 
in multiferroic RMn-zO$ compounds and they show the importance of magnetic frustration as well 
as the spin-lattice coupling. 



PACS numbers: 75.30.-m,75.50.Ee,77.80.-e,77.84.Bw 

Multiferroic magnetoelectric compounds in which fer- 
roelectricity and magnetic order coexist and mutually in- 
teract have been in the focus of attention very recently 
because of a wealth of novel physical phenomena ob- 
served in these complex materials Among the fam- 
ily of multiferroics the RMniO^, (R = rare earth, Y, 
Bi) manganites are of significant interest because of their 
extreme complexity with transitions between different 
commensurate (CM) and incommensurate (IC) magnetic 
structures some of which exhibit ferroelectricity induced 
by frustrated magnetic orders Their common 
phase sequence upon decreasing temperature, T, includes 
transitions from the high-T paramagnetic and paraelec- 
tric (PE) to an antiferromagnetic (AFM) but still PE 
phase at T^i — 44 K with an IC magnetic modulation 
along the orthorhombic a- and c-axes. At Tci — 39 K, a 
lock-in transition takes place into a CM magnetic phase 
(if = (0.5,0,0.25)) which is ferroelectric (FE). At lower 
temperature, lc2, all rare earth RMn^O^ compounds ex- 
perience another transition where if unlocks again into 
different IC values and the FE polarization shows a sharp 
drop (but not necessarily to zero). Additional changes 
of the magnetic order identified as spin re-orientations in 
the CM phase have been reported for some RMn^O^, for 
example DyMn^O^ and HoMn^O^} 1 It is remarkable 
that all magnetic (and FE) phase transitions are clearly 
resolved in anomalies of the dielectric constant, the FE 
polarization, and the thermal expansivities which proves 
the prominent role of the spin-lattice coupling in the mul- 
tiferroic properties of these compounds! 11 ' 12 The origin 
of the phase complexity of RM.niO§ lies in the peculiar- 
ities of the lattice structure with different magnetic ions 
(Mn 4+ , Mn 3+ , rare earth) and a multitude of partially 
competing superexchange interactions leading to a high 
degree of frustration in the magnetic systemi 7 - In partic- 
ular, the smallest loop of nearest-neighbor Mn ions with 



AFM exchange interactions in the a — b plane has five 
members which naturally leads to geometric frustration 
of the Mn spins* 1 - 1 - Frustrated systems are susceptible to 
small perturbations like magnetic fields or pressure since 
many different magnetic structures are close in energy 
and compete for the ground state. For some RMn^O^ 
compounds it was recently demonstrated that the low- 
temperature IC phase is extremely sensitive to magnetic 
fields^ ' 12 : 13 1 14 or to hydrostatic pressured This opens not 
only new venues to mutually control magnetic and FE 
properties but it also provides important insight into the 
microscopic interactions that are essential for the physics 
of multiferroic materials. 

YMu20q is unique among all RMniO^ compounds in 
that it experiences a FE polarization reversal at Tq2, the 
transition into the low-T incommensurate phase^ 1 ^ This 
effect was attributed to a change of the relative phase of 
the AFM orders of neighboring (a-axis) chains of Mn 3+ — 
Mn 3+ - Mn 4+ - Mn 3+ - Mn 3+ - Mn 4+ ... spins based 
on an exchange striction mediated mechanism for the FE 
displacement of frustrated Mn 3+ — Mn + spins between 
neighboring chains . 3 i 10 i 11 However, recent experiments 
have detected a small deviation of the Mn-spins from the 
a — b plane forming a non-collinear (spiral) modulation 
along the c-axis in RMn^O^ muftiferroies i 16 ' 17 ' 18 ' 19 This 
spiral spin order also breaks the inversion symmetry 3 -^ 
and it was considered as an alternative mechanism for 
ferroelectricity in these compounds ! 16 : 17 ' 18 : 21 The essen- 
tial difference between the two proposed mechanisms is 
the microscopic nature of the exchange coupling that has 
to be involved. In the spin current (spiral) mode l 22 ' 23 
the weak antisymmetric Dzyaloshinskii-Moriya interac- 
tion (~ Si x Sj) creates the magnetoelectric coupling 
whereas in the exchange striction model the FE polar- 
ization has its origin in the ionic displacements lifting 
the frustration of spins interacting via the symmetric 
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exchange (or superexchange) interactions (~ Si ■ Sj). 
Whether the spiral spin model or the exchange stric- 
tion model provides the better explanation of the FE 
order in the RMniO^ compounds is still a matter of 
discussio n 24 i 25 and needs further explorations. In order 
to gain a deeper insight into the microscopic mechanisms 
of ferroelectricity of RMriiO^ we have investigated the 
effect of hydrostatic pressure on the FE properties of 
YMn-iO^, and found that the FE polarization in the low- 
temperature IC phase (T < T C i) reverses sign above a 
critical pressure. These data correlate with the lattice 
strain at Tci measured by high resolution thermal expan- 
sion experiments. Our results are interpreted within the 
exchange striction model in terms of a pressure control 
of the relative phase of magnetic orders in neighboring 
AFM zigzag chains. 

Single crystals of YMniO^ grown from the flux were 
polished to thin platelets (0.2 mm thick) so that the 
dielectric constant and the pyroelectric current could 
be measured along the orthorhombic 6-axis. Hydro- 
static pressure was applied employing a beryllium-copper 
clamp cellJ^ A mixture of Fluorinert 70 and 77 liquids 
was used as the pressure transmitting medium. Thermal 
expansion measurements were conducted along the a-, 
b-, and c-axes using a capacitance dilatometer. Since 
YMriiO^ exhibits a polarization reversal at Tci spe- 
cial care was taken to measure the FE polarization cor- 
rectly in both FE phases, above and below Tci, respec- 
tively. Details of the experimental procedure are dis- 
cussed elsewhere^ 

The dielectric constant and FE polarization at ambi- 
ent pressure, shown in Fig. 1, is consistent with ear- 
lier reports ^ 27 ' 28 however, a careful investigation reveals 
subtle features that have to be discussed in more de- 
tail. Upon decreasing temperature the dielectric con- 
stant shows a sudden increase at Tjvi, the onset of sinu- 
soidal IC magnetic order, and a sharp peak at the FE 
transition temperature, Tci, where the magnetic order 
locks into a CM modulation. The sharp increase of s{T) 
at Tc2 — 17 K indicates the unlocking of the magnetic 
modulation into the low-T IC phase. The FE polariza- 
tion displays the corresponding increase at Tci and drop 
at Tci, respectively (Fig. 1). An additional small step- 
like anomaly of e{T) at T^i — 19K that is also reflected 
in a sudden change of slope of the FE polarization upon 
cooling has not been reported before. It is similar to the 
more pronounced step of s{T) observed in HoMniO^. 11 
Note that our data for P(T) confirm the sign change of 
the FE polarization at Tci although the value of P{T) in 
the CM phase (Tc2 < T < Tci) is significantly different 
from earlier reports. This is due to the special procedure 
of poling the FE domains used in the present work which 
provides a more accurate determination of P(T)£& 

With the application of hydrostatic pressure the FE 
polarization P is dramatically altered at low tempera- 
tures (Fig. 2a). At low pressure P(T) increases slightly 
but it suddenly changes sign at a critical pressure of 
p c ~10 kbar. After the sign reversal P(T) increases 



quickly and approaches the FE polarization of the CM 
high-polarization phase. At Tci a small drop of P(T) is 
still visible up to 14 kbar, but it disappears completely 
at the highest pressure of this investigation, 16.8 kbar 
suggesting that the IC low-temperature phase is com- 
pletely suppressed by pressures exceeding 14 kbar. The 
unique pressure-induced sign reversal of P has not been 
observed before and it needs a careful discussion of the 
magnetic structures and its relations to the ferroelectric 
order. The temperature dependence of the dielectric con- 
stant at various pressures (Fig. 2b) supports the conclu- 
sions derived from the polarization measurements. The 
sharp increase of s(T) at Tci is enhanced with the ap- 
plication of pressure up to about 10 kbar (indicated by 
the solid arrow in Fig. 2b). However, above the critical 
pressure e(T) of the low-T IC phase suddenly decreases 
as the polarization changes sign (dotted arrow in Fig. 
2b). The pressure related changes of s and P in the low- 
T IC phase are clearly visible in Fig. 3 showing both, 
e{5K) and P{5K) as functions of pressure. The transi- 
tion from negative to positive FE polarization happens 
in a narrow pressure range between 9.5 and 10.5 kbar. 
In the same pressure range e{5K) experiences a sharp 
drop. It is interesting that the phase transition at Tci 
is only suppressed at a much higher pressure suggesting 
that the sign change of the FE polarization (at 10 kbar) 
and the ICM — * CM transition (above 14 kbar) are two 
well distinguished phenomena that have to be considered 
as separate transitions. The maximum of the low-T e{p) 
in Fig. 3 indicates a softness of the lattice in response 
to the electric field right at the critical pressure where 
the magnetic structure shows a significant change. This 
is further evidence for the strong coupling of the spins to 
the lattice. When the magnetic system becomes less rigid 
at the transition the lattice follows and the response to an 
electric field (dielectric constant) exhibits a maximum. 

To understand the effect of external pressure on 
the ferroelectricity in YMniO^ better we investigated 
the subtle changes of the lattice at the various phase 
changes. While x-ray scattering experiments have not 
been successful in resolving the lattice strain at the FE 
transitions 29 our high-resolution thermal expansion mea- 
surements clearly show the abrupt change of the lattice 
constants at all magnetic and FE transitions (Fig. 4). 
Upon decreasing T the a- and c-axes show a sudden in- 
crease at Tvi whereas there is no anomaly in the &-axis 
length. This is associated with the onset of the IC mag- 
netic modulation along a and c. At the FE transition 
{Tci) all three axes indicate a small increase as a signa- 
ture of the onset of FE order and the locking into the CM 
magnetic phase. The largest expansion anomaly, how- 
ever, is detected at T C i, the low-T ICM -> CM transi- 
tion where the FE polarization reverses sign. The relative 
change of a, b, and c at Tci are 9.3* 10~ 6 , 7.1 * 10~ 6 , and 
— 19.2 * 10~ 6 , respectively. While the volume change is 
small, the strain on the lattice parameters is significant, 
a and b expand while c shrinks in passing into the low-T 
IC phase. The similar change of the lattice constants at 
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T C 2 in other RMn 2 5 crystals (R = Ho, T6)±i imply the 
common origin of this typical lattice distortion which is 
the partial release of the magnetic frustration between 
the a-axis zigzag chains. 

The low-T CM — » ICM transition is supposedly driven 
by the increasing magnetic frustration between two ad- 
jacent Afn-spin chains along the a-axis. The magnetic 
coupling between these two chains is mainly through 
superexchange interactions between pairs of Mn 3+ and 
Mn 4+ spins via the neighboring oxygen ions. In the CM 
ferroelectric phase, following the zigzag chains along a, 
every second pair of spins is frustrated whereas the re- 
maining pairs are notJ^- With the decrease of temper- 
ature the magnitude of this frustration increases with 
the increase of the Mn sublattice magnetization and re- 
sults in the phase transition at Tqi- There is a combi- 
nation of magnetic and lattice effects involved: (i) The 
lattice distortion as verified by the expansion anoma- 
lies (Fig. 4) does modify the relevant exchange cou- 
pling constants. In particular, the in-plane expansion 
and the c-axis compression slightly increase the angle of 
the Mn 3+ — O — Mn i+ superexchange coupling decreas- 
ing the magnitude of the corresponding coupling constant 
(J3 in the notation of Blake et alJ) and the associated 
spin frustration. The Mn ions of the frustrated pair are 
also displaced to further reduce their exchange energy^ 
(ii) According to neutron scattering datai^ the local 
spin orientation also changes dramatically in the low-T 
IC phase increasing the relative angle between the spins 
of two neighboring chains to about 40° =■ The large angle 
between the spin systems reduces the frustration further 
but it also decreases the overall coupling between the 
spin chains, (iii) As a consequence, the magnetic mod- 
ulation of every second chain "slides" by increasing the 
relative phase with respect to the magnetic wave of ad- 
jacent chains*^ This change of phase results in a further 
decrease of both, the magnetic frustration and the FE po- 
larization, as e.g. in HoMriiO*, and TbMn^O^, or even 
in a reversal of the polarization (with a decrease in mag- 
nitude) as in Y Mn20§. Simultaneously, the magnetic 
modulation along a and c unlock from their commensu- 
rate values and the low-T phase becomes incommensu- 
rate. 

The application of pressure, as shown in Fig. 2, re- 
verses the polarization and stabilizes the commensurate 
phase. This is obviously triggered by the compression of 
the a-b plane suggesting that the FE polarization could 
also be controlled by an in-plane strain induced in thin 
films of YMniO'a on appropriate substrates at ambient 
pressures. At the first critical pressure of 10 kbar, the 
phase shift of the magnetic order in neighboring chains 



is reduced which results in the reversal of the polar- 
ization from P < to P > 0.— However, the sudden 
drop of the P(T) at Tc2 still persists above 10 kbar and 
the polarization smoothly increases with raising pressure. 
Only above the second critical pressure of 14 kbar the IC 
phase becomes unstable and transforms into the high- 
polarization commensurate phase. 

These results provide convincing evidence for the dra- 
matic effects of lattice strain and the strength of the 
spin-lattice coupling on the ferroelectricity in YM^O^. 
The data for YM^O?, should be compared with similar 
data for HoAf^Os i 11 ^ 30 This is an excellent opportunity 
to reveal the potential role of the rare earth moment in 
these compounds. While the ionic size of the Y 3+ and 
Ho 3+ ions is nearly identical the major difference be- 
tween both compounds is the existence of the Ho mag- 
netic moment that is missing in Y MriiO^. The phase se- 
quence of both compounds is surprisingly similar. Even 
the spin re-orientation transition at Tjv2 in the commen- 
surate phase previously identified in HoMn20g^ is evi- 
dent in YM^O^ in the form of the small step of e(T) and 
the increase of P(T) at 20 K with decreasing T. The main 
difference between both compounds is the magnitude of 
the polarization drop at Tq2- In H0MTI2O5 the polariza- 
tion decreases but remains positive whereas in YM^O^ 
the drop is so large that P reverses sign in the low-T IC 
phase. Within the exchange striction model the drop of 
P(T) can be explained by the change of spin orientation 
in every second chain and by the phase shift between the 
magnetic modulation of neighboring chains. It appears 
conceivable that the presence of the Ho magnetic mo- 
ments and their interaction with the Mn moments stiff- 
ens the Mn chain system and reduces the phase shift be- 
tween adjacent chains. This explains the lesser degree of 
the polarization change at Tqi (still remaining positive) 
in HoMniO§ as compared to YMn^Os (sign reversal). 
Detailed neutron scattering experiments on HoMniOf,, 
similar to the investigation of YMn^O^, are suggested 
to reveal the details of the magnetic orders in passing 
from the commensurate into the incommensurate phase 
at Tc2 and to confirm our conclusions. 
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FIG. 1: (Color online) Dielectric constant (circles: decreas- 
ing T, squares: increasing T) and ferroelectric polarization 
(dashed lines) of YMn-2,0' . Tn2 and Tci are marked for de- 
creasing T only. 

FIG. 2: (Color online) Temperature dependence of (a) the 
ferroelectric polarization and (b) the dielectric constant of 
YMn 2 5 at different pressures. 

FIG. 3: (Color online) Dielectric constant and ferroelectric 
polarization of YMn^Oh at 5 K as function of pressure. 

FIG. 4: (Color online) Temperature dependence of lattice con- 
stants of YMn20 5 below 50 K. 



